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Abstract. Mussels were collected at high and low shore

locations from two Mytilus edulis/Mytilus gulloprovin-

eiulis populations, Croyde Bay and Whitsand Bay, in S.W.

England. Genotype-dependent length-at-age values were

determined. At high and low shore locations at both sites.

M. ///.v-like mussels had significantly smaller length-at-

age values than M. galloprovincialis-like and putative Fl

hybrid individuals. The putative Fl hybrids exhibited

length-at-age values between those of the parental types,

but much closer to those of M. galloprovincialis-like rather

than M. edulis-\ike individuals.

Genotype frequencies as a function of age were deter-

mined and relative viability coefficients estimated from

comparisons of genotype frequencies of young versus old

mussels. At high and low shore locations at both sites, the

relative viability coefficient of M. galloprovincialis-like

individuals was greater than that of M. ethilis-\ike mussels.

Putative F 1 hybrids at both sites had relative viability coef-

ficients intermediate between those of the parental types.

These data indicate that the length-dependent variation

in allozyme frequencies that characterizes sympatric pop-

ulations can be attributed to a small but significant ge-

notype-dependent difference in length-at-age values, but

mostly to large and highly significant differences in via-

bilitv.
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Introduction

Hybrid zones have been defined as "interactions be-

tween genetically distinct groups of individuals resulting

in at least some offspring of mixed ancestry. Pure popu-

lations of the two genetically distinct groups are found

outside of the zone of interaction" (Harrison, p. 72. 1990).

As such, hybrid zones are thought to represent cases of

partial (incomplete) reproductive or genetic isolation be-

tween two related species, semi-species or conspecifics.

The dynamics of hybrid zones are of considerable interest

from an evolutionary point of view because such zones

often play important roles in models of speciation (re-

viewed by Hewitt, 1988).

The role of selection in the maintenance of hybrid zones

has been emphasized in several reviews (Moore, 1977;

Barton and Hewitt, 1985, 1989; Hewitt, 1988, 1989; Har-

rison. 1990). The traditional view, and the one with the

most evidence to support it. is that hybrid zones are

maintained by a balance between dispersal (immigration)

and selection against hybrids (individuals of mixed an-

cestry). In this case it is more appropriate to think of hy-

brid zones as tension zones (Barton and Hewitt, 1985,

1989) because reduced hybrid fitness is independent of

the environment. Individuals of mixed ancestry are con-

sidered to be less fit than parental types because the pa-

rental co-adapted gene complexes, which presumably

evolved in response to localized selection outside the hy-

brid zone, are broken up by recombination within the

hybrid zone. New gene combinations resulting from hy-

bridization and recombination are considered to be less

adapted to the environment (and to interaction and func-

tioning with each other) than are the parental gene com-
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plexes. Hybrids are therefore less fit and thus are selected

against. Indeed, Harrison (1990) cites 20 examples of hy-

brid zones involving plants, insects, fish, amphibians,

reptiles, birds, and mammals in which individuals of

mixed ancestry have reduced fitness compared with pa-

rental types.

Moore (1977) proposed an alternative model of hybrid

zone maintenance (see also Moore and Buchanan, 1985:

and Moore and Koenig, 1986). This is the geographically

bounded hybrid superiority model, which suggests that,

within the limited environment of the hybrid zone, hy-

brids have a selective advantage compared to parental

types when environmental factors determine relative fit-

ness. Because the parental types are adapted to environ-

ments outside the hybrid zone, the habitat in which the

hybrid zone is located is more favorable for hybrids. So

far. the only evidence that supports this model comes from

avian species in which adult dispersal is limited. For ex-

ample, Moore and Buchanan (1985) note that their results

from the Northern Flicker (woodpecker) zone are more

consistent with the hybrid superiority theory than with

the hybrid unfitness model. Hewitt ( 1988), however, sug-

gests that the evidence does not permit this model to be

distinguished from other explanations (e.g., tension zones

or environmental zones).

In S.W. England, sympatric populations ofAlytilus cd-

itlis (the blue mussel) and Mytilus galloprovincialis (the

Mediterranean mussel) exhibit a strong positive correla-

tion between shell length and gene frequency at two al-

lozyme loci (Est-D and Odk). Larger mussels tend to be

M. galloprovincialis-like; that is, they possess alleles at

highest frequency in pure M ita/h iprovincialis populations

(Skibinski. 1983: Gardner and Skibinski, 1988). This re-

lationship is also found in other regions of the British Isles

(Skibinski and Roderick. 1991). Two hypotheses have

been investigated to explain the length-dependent allo-

zyme variation observed in hybrid populations. The first

historical change, with M. cdulis replacing M. galloprov-

incialis has been rejected (Gardner and Skibinski, 1 988).

The second differential growth rates was not supported

by the results of transplant experiments with mussels from

S.W. England (Skibinski, 1983: Skibinski and Roderick,

1989): however. /'/; \itii growth in sympatric mussel pop-

ulations has not been studied previously. A third possi-

bility, that differential viability causes the length-depen-

dent allozyme variation, has also not been tested.

Investigators of the Mytilu* contact zone in S.W.

England have long thought that the hybrid zone in this

area is maintained by selection, but that this selection is

not principally against hybrids (Skibinski and Beardmore,

1979; Skibinski et al., 1983). Skibinski and Beardmore

(1979) noted that intergradation, although extensive at

many sites, is often not complete, which suggests that some

genotypes of mixed ancestry have a selective advantage

over M. cdulis. The geographic distribution of sites with

high genetic mixing is consistent with the hypothesis that

individuals of mixed ancestry do have an advantage over

at least one of the parental types in some environments

(Skibinski and Beardmore, 1979; Skibinski et al., 1983).

Furthermore, it was suggested that any temporal stability

exhibited by the hybrid zone might result from the su-

perior fitness of the hybrids and intergrades (Skibinski

and Beardmore, 1979). In this paper, we explore these

ideas further by the study of genotype-dependent viability

and shell growth of mussels from two sympatric popu-

lations in S.W. England.

The objectives of our study are twofold. First, we seek

to explain the length-dependent change of allozyme fre-

quencies in sympatric populations by examining differ-

ences in genotype-dependent shell growth and viability.

The use of shell-sectioning techniques permitted us to

determine annual growth increments. By comparing year

classes, we estimated the relative mortality of different

genotypes within two hybrid populations. Second, we use

the viability data to address the question of how the mussel

hybrid zone is structured and maintained.

Wefound substantial differences in viability and small

but significant differences in growth favoring M. gallo-

proviiicialis and individuals of mixed ancestry. The evi-

dence suggests that these differences contribute to the

variation in length-dependent allele frequency that was

reported in earlier studies, and that selection against M.

C(/u//s-\\ke mussels plays an important role in maintaining

the hybrid zone.

Materials and Methods

In March 1987. mussels were collected at high and low

shore locations from two sympatric M. cdulis/M. gallo-

lirovincuilis populations in S.W. England: Croyde Bay.

north Devon, and Whitsand Bay, south Cornwall. These

are the same locations used for previous collections (Ski-

binski, 1983; Gardner and Skibinski, 1988. 1990a, b).

Four groups of mussels were analyzed CHS, CLS. WHS,
and WLS where C stands for Croyde, Wfor Whitsand,

HS for high shore, and LS for low shore. Mussels were

collected from areas of the low and high shore at Croyde

approximately 2.2 m and 3.5 m above chart datum

(CD), and at Whitsand approximately 2.5 m and 3.8 m
above CD.

In both populations, M. ednlis numerically dominates

among smaller mussels (<30mm), whereas M. gallo-

provincialis dominates among larger mussels (>30 mm)
(Skibinski, 1983; Gardner and Skibinski, 1988). Thus, it

is hard to obtain small M. galloprovincialis and large M.

cdulis. To increase the numbers of these types of mussels

for analysis, and to keep other diagnostic techniques such

as starch gel electrophoresis to a minimum, large samples
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of mussels were collected and sorted according to shell

morphology, which is partially diagnostic for differences

between ,\/. ctlnlis and .\/. galloprovincialis (Seed, 1972,

1974; Skihinski. 1983). The morphological criteria that

were employed included shell height and shell curvature

(both greater in .17. galloprovincialis), the presence or ab-

sence of an anterior beak (present in M. galloprovincialis),

and the profile of the shell (more rounded and convex in

M. galloprovincialis).

A total of 7302 mussels with lengths of at least 20 mm
were collected and sorted. For each location (CHS sample

size = 1123; CLS == 1700; WHS= 2313; and WLS
= 2 1 66) the mussels were sorted into two size groups, 20-

35 mmand >35 mm. Each size group was sorted accord-

ing to shell morphology into three classes, "M. edn/is-

like." "M. galloprovincialis-like," and "intermediate."

Each phenotypic group was sorted according to size into

two groups, "small" and "large," a boundary size being

chosen such that approximately 50% of mussels fell above

and 50% below the boundary, selection being made by

eye. The sorting process yielded 12 categories (two quan-

titative size classes X three phenotype classes X two qual-

itative size classes) for CLS, WHS. and WLS. Because of

the limited numbers of large (>35 mm) mussels at CHS,
all individuals >35 mm(n = 20) were retained as one

group with no subselection. Thus, there were seven cate-

gories for CHSand twelve each for CLS, WHS,and WLS.
For all four locations, 25 mussels were picked at random

from each category (n
= 20 for mussels >35 mmat CHS)

for starch gel electrophoresis and length-at-age estima-

tions. Table I illustrates the sorting procedure for mussels

of WLS. The number of mussels subject to electrophoresis

was 170 at CHSand 300 each at CLS. WHS. and WLS.

Samples were either analyzed immediately or stored at

70C for subsequent analysis.

Starch gel electrophoresis was performed on digestive

gland dissected from each animal and prepared as de-

scribed by Gardner and Skibinski ( 1988). Two allozyme

loci, esterase-D (EST-D; EC 3.1.1.1) and octopine dehy-

drogenase (ODH; EC 1.5.1.1 1 ) were assayed, because these

two loci show large allele frequency differences between

M. cditlis and .\/. galloprovincialis (Skibinski. 1983: San-

juan el a/.. 1990). To aid in data analysis, the compound
allele system described by Skibinski ( 1983) was used. At

a given locus, the compound E allele is obtained by pool-

ing those alleles that are at highest frequency in "pure"
M cdiilis. and the compound G allele is obtained by

pooling those alleles that are at highest frequency in "pure"
M. galloprovincialis. Thus, for two polymorphic loci such

as Est-D and Odh. there are nine dilocus genotype com-
binations ranging from the most M. edu I i .\-\ike (E/E E/
E), through the intermediate or putative Fl hybrid (E/G
E/G) to the most M. galloprovincialis-tike (G/G G/G).
For the rest of the paper, the terms galloprovincialis, ed-

ulis, and hybrid refer to M. galloprovincialis-l\ke (G/G G/

(,). M. rt///.v-like (E/E E/E). and putative Fl hybrid (E/

G /,'/(/') individuals of sympatric populations, without

implying that these are truly pure types, but with the un-

derstanding that distinctive phenotype differences exist

between the groups (e.g., Skibinski ct al.. 1978a. b; Beau-

mont i-t a!.. 1989).

Wefocused upon only three (E/E E/E, E/G E/G and

G/G G/G) of the nine genotypes because these represent

the two extremes (both parental genotypes) and the in-

termediate (putative Fl hybrid), and consequently growth

and viability differences between these groups are likely

to be as great as any that occur within the zone of sym-

patry. Furthermore, these three genotypes represent be-

tween 65 and 70% of the total number of individuals

within each population, making them of considerable im-

portance in numerical terms alone. This does not imply

that the other six genotypes are unimportant or occur at

such low frequency that they are insignificant, but simply

reflects the advantage of working with genotypes that are

well represented in both populations and have arguably

the most potential (at least initially) to provide data on

fitness differences within the zone of sympatry. Obviously,

the ability to differentiate between edulis. galloprovincialis,

and hybrid individuals is important in identifying growth

and viability differences between these types. However,

because of introgression in these populations (e.g., Ski-

binski, 1983; Skibinski et al.. 1983; Gardner and Skibinski,

1988), pure individuals or genuine Fl hybrids might not

exist, and thus would not be detectable, regardless of the

number of genetic markers used.

The allozymes selected provide a strong indication of

background genotype in mussels from sympatric popu-

lations. For example, G/G G/G individuals from sym-

patric populations are morphologically and electropho-

retically very similar to .17. galloprovincialis from pure

allopatric populations, just as E/E E/E individuals from

sympatric populations most closely resemble M. edulis

from pure allopatric populations (e.g.. Grant and Cherry.

1985; Sanjuan el al.. 1990).

Shell lengths (0.1 mm) of all mussels typed by elec-

trophoresis were recorded. Shells were sectioned to estab-

lish that age determination from external check marks

could be performed accurately. A valve from each of 155

randomly chosen individuals from all four locations was

thin-sectioned, and an acetate peel replica was prepared

(e.g.. Lutz, 1976; Richardson el al.. 1979). The number

of internal annual growth bands was counted, and the

distance from the umbo to each mark was measured to

provide length-at-age data. The processes of counting the

annual bands from the acetate peels and from the exterior

of the valve were carried out independently to minimize

bias in the results. When a peel or the valve from which

it was derived could not be scored with total confidence.
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Table I

The sorting procedure used to obtain 12 groups of 25 mussels each (where possible) for analysis, as exemplified by the Whitsand low shore

(WLSl sample

Initial WLSsample

(n = 2166)

(450)

(25)

(107)

(25)

(804)

(25)

(129)

(25)

(265)

(25)

(110)

(25)

(81)

(25)

(42)

(25)

(IDS)

(25)

(80)

(25)

(51)

(25)

(39)

(25)

E = edu/is mussels; I = intermediate mussels; G =
galloprovincialis mussels; S = small; L =

large.

the data pair was discarded (there was no evidence of a

nonrandom factor explaining which data pairs could or

could not be accurately scored). Nine of 65 mussels were

incorrectly aged, eight by 1 year, and one by 2 years.

Regression analysis of the number of annual growth rings

from the acetate peel against the number estimated from

the valve exterior was carried out, the two being highly

correlated (R
: = 0.908; n = 65; P < 0.001).

The ages of all remaining nonsectioned mussels were

determined by examination of external growth marks.

Each mussel provided length-at-age data for a minimum
of 4 years of age up to a maximum of 13 years of age,

with an average of about 6-7 years. Data were analyzed

by univariate ANOVAof each length-at-age category. This

analysis is based on minimal assumptions, the results are

easily interpretable and biologically meaningful, and

maximum information can be extracted from the data

set because a large proportion of the values can be used.

This is a conservative approach, so that if significant

length-at-age differences are observed it can be assumed

that they represent genuine differences. A slight loss of

statistical power is associated with this approach, but this

is offset by the advantages described above. To control

for the multiple testing involved with this approach, we

used the Bonferroni test, which compensates for the in-

creased probability of Type I error rate (the sequential

Bonferroni test, which is less conservative than the stan-

dard Bonferroni test [Rice, 1989], gave identical results).

With the Bonferroni procedure, the alpha level (nominally

alpha
= 0.05) is divided by the total number of tests made

of the same hypothesis, which at CHS, WHS, and WLS
was 10 each, giving an acceptance value of alpha

= 0.005

at these locations; and at CLSwas 8, giving an acceptance

value of alpha
= 0.00625 at this location. Weemployed

the univariate option of the PROCGLM(General Linear

Model) subroutine of SAS (SAS Institute. 1987) with the

Ryan-Einot-Gabriel-Welsch multiple range test (REGWQ
option) to locate between-subject effects. The REGWQ
multiple range test is particularly appropriate because it

controls the experimentwise Type I error rate (Day and

Quinn, 1989). The data were tested for normality using

the Shapiro-Wilkes statistic: transformations were unnec-

essary because the data were normally distributed.

Best-fit growth curves were derived from polynomial

regression computed by the PROCGLMprocedure of

SASU-,?., MacDonald and Thompson, 1985. 1988), which

has an advantage over the von Bertalanffy function in

that it does not impose asymptotic behaviour ( Roff. 1980:

MacDonald and Thompson, 1985). A cubic polynomial

best explained variation in the growth curves following

stepwise significance testing of each newly added term

(e.g.. Sokal and Rohlf. 1981. p. 673).

Following electrophoresis and age determination, data

from the mussels of the four locations were tabulated ac-

cording to age and dilocus genotype to permit estimation

of age-dependent genotype frequencies. An example is

given in Table II. The predicted frequency of each ge-

notype of any age in the initial random sample was esti-

mated, taking into account, and adjusting for, the soiling

procedure described above. For example, using the data
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Table II

The method u\i\l /<> centime .t,v'inyv Im/ite/h IL-. <n c\cniplilicd hy dtilti from Whitsand low shore (\\'LS)

20-35 mmcategory

(n = 1765 mussels collected)

>35 mmcategory

(/?
= 401 mussels collected)

Dilocus genotype

E/E E/E E/G E/G G/G G/G E/E E/E E/G E/G

E/E E/E = ediilis mussels; E/G E/G =
putative Fl mussels; G/G G/G =

gallopiwincialis mussels.

G/G G/G

Age (\r)

32

1 27
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Table III

Analysis <>/ 'variance, with xignificunt Ryan-Einot-Gabriel-Welsch multiple range test results. <>/ mean length-at-age dalu tor mussels from Croyde

high and low shore

Age (yr)



SELECTION IN HYBRID MUSSELPOPULATIONS 411

I able IV

i -\n i <t runt/nee, with \it>>uliciinl Ryan-Einot-Gabriel-Welsch multiple range te\t revills. <>l mean length-at-age iluta Inr mimcA limn Whitsand

high mul /im \lniit-

Age (yr)
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Discussion

In S.W. England, M. galloprovincialis is presumed to

be at the northernmost limit of its distribution (Seed, 1971;

Gosling, 1984). For sites in England, it may therefore be

predicted that the endemic cold-water M. edulis form

should have a growth advantage over the warm-water M.

galloprovincialis form. At <20C in the laboratory. Seed

(1971) found that M. edulis grew up to four times faster

than M. galloprovincialis from Rock, S.W. England.

However, he was doubtful if these differences would be

maintained under natural conditions. Using a larger data

set taken from mussels that, since their settlement, had

been growing at high and low shore locations in two hybrid

populations in S.W. England, we have shown that gal-

loprovincialis has a small but significant growth advantage

over edulis.

The negative correlation between E allele frequency

and age lends support to the third hypothesis, advanced

by Skibinski (1983), that differential mortality acts against

the more numerous and smaller edulis. The most pro-

nounced changes in length-dependent allele frequencies

occur at older ages (8-9 years at CHS and WHS. 6-8

Table V

Ptirniiicicr\ <>l the i>/\ noniuil ;v.t,'vv.wnHi for genotype-dependent hest-

jn growth cum1

*

Location Genotype
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lahle VI

itcil s,v/i.>nyv tn-tiucihic\ a\ .1 twhtion oj age . aU'iilali'il train c

V 1'ahlc II ir Striker explanation

>/)/;. >/vm and cMcinal annual ^lii'll tlicck mark data) for mussels from

Age

(yr)
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1.20

0.00 6789
AGE (yr)

10 11 12

Figure 2. Arcsine square root compound E allele frequency as a

function of age at Croyde high shore (+ and solid line) and Croyde low

shore (A and broken line).

cant length-at-age differences exist between the genotypes.

It is at this stage that viability differences between the

genotypes are most pronounced, resulting in greatest dif-

ferential mortality of edulis mussels. Third, following this

period of maximum differential mortality, the oldest sur-

viving mussels exhibit nonsignificant differences in length-

at-age values. Thus, during the second stage, the highest

mortality rates are experienced by the echilis individuals

with the lowest viabilities (and also the smallest length-

at-age values), resulting in the significant differences in

mean length-at-age values observed at this time. The edulis

with (by definition) the highest viabilities (and the greatest

length-at-age values) survive this period so that among
the oldest age classes, when viability differences are once

again less pronounced, there are no significant differences

in length-at-age values. The positive association between

length-at-age values and viability among the echilis indi-

viduals can be explained in one of two ways. One, the

association is noncausal, resulting from, for example,

pleiotropy (e.g.. Falconer. 1989). Two. it is causal, and

occurs because increased shell length offers a refuge from

predators (Gardner and Skibinski, 1991) and confers a

fitness advantage in terms of increased byssal strength of

attachment to the substrate, which decreases the chance

of being dislodged from the rock face and swept out to

sea (Gardner and Skibinski, 1991; Willis and Skibinski,

1992).

Based on genotype frequency differences between young
and old mussels, relative viability coefficients were cal-

culated that demonstrate a high selective mortality against

echilis. Increasingly more evidence points to the conclu-

sion that strong selection is common in natural popula-

tions (Endler, 1986), and that selection coefficients in hy-

brid zones can also be very large (e.g., Dowling and Moore,

1985; Barton and Hewitt, 1985; Hewitt, 1988). The rel-

ative viability coefficients estimated in this study indicate

that selection against edulis is indeed strong at all four

locations edulis had viability coefficients that are orders

of magnitude smaller than those of galloprovincialis. The

extent of the coefficient differences between echilis and

galloprovincialis is strong support for the hypothesis of

differential viability (Skibinski, 1983) as an explanation

for the pattern of length-dependent allele frequencies.

Mussels reproduce by external fertilization, producing

pelagic larvae that are almost all immigrants at the time

of settlement (Tracey et al., 1975). Because components
of fitness such as viability and fecundity are much lower

in echilis than in galloprovincialis, considerable immigra-

tion of edulis spat is required to maintain the genetic

structure of these populations, which are characterized by

a very high frequency of echilis among the smallest and

youngest mussels (Skibinski, 1983; Gardner and Skibinski,

1988). Furthermore, this genetic structure is apparently

stable in the short term (over a period of 6 years), an

1.20

o.oo

10 11 12 13 14

Figure 3. Arcsine square root compound K allele frequency as a

function of age at Whitsand high shore (+ and solid line) and Whitsand

low shore (A and broken line).
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Table VIII

415

Genotype-dependent relative viability coe/hcicni* tor //i and lo\\ \hore i

dependent variation .viven in Tables \ II anil I ///

im* at Croyde and Whitsand, calculated Iroin the data oj age-
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